Abstract. Age-related thymic involution is accompanied by a decrease in thymopoiesis and, thus, a deficiency in T cell-mediated immunity in the elderly. A number of events involved in thymic involution have been discovered; however, it remains unclear as to whether they are causes or consequences of thymic involution. These events include the degeneration of T cell progenitors, as well as the deterioration of the thymic stroma, which is a characteristic of thymic epithelial cell loss due to increased apoptosis and decreased cell proliferation. MicroRNAs (miRNAs) are believed to play important roles in the regulation of cell death and proliferation during the aging process. In the present study, we compared the transcriptional levels of various miRNAs in TECs from young and aged mice using microarray analysis. Quantitative PCR was performed to confirm the changes in the expression of miRNAs in the different age groups. Possible downstream targets and pathways of these miRNAs were predicted by performing bioinformatics analysis. To the best of our knowledge, this is the first study to systematically analyze the expression of miRNAs in mouse TECs and to demonstrate that miRNA expression is altered with thymic aging.
Introduction
Age-related thymic involution is manifested by a progressive reduction in the size of the thymus with profound architectural changes, the loss of thymic epithelial cells (TECs) and the replacement of the thymic stroma with adipose tissue and peripheral lymphocytes (1, 2) . The atrophic thymus produces a reduced number of naïve T cells with a diminished diversity of T cell receptors (3) . Age-related thymic involution is attributed to one of the main causes of immunosenescence: the deterioration of immunocompetence in the elderly that is characteristic of increased susceptibility to infections, insufficient response to vaccinations and an increased propensity for autoimmune diseases and cancer (4) (5) (6) .
The
development of T cells requires the importation of T cell progenitors to the thymus from bone marrow (BM). The early T cell progenitors (ETPs) residing in the CD4
-CD8 -double negative 1 (DN1) subpopulation proliferate and differentiate in response to various thymic stromal signals. Following negative and positive selection, the majority of thymocytes in the thymus undergo apoptosis. Only a very small percentage of thymocytes differentiate into mature CD4 + or CD8 + naïve T cells and are exported to the periphery. Age-related thymic involution is accompanied by a reduced number and proliferation of ETPs, as well as by the marked deterioration of the thymic stroma. The change in the microenvironment of the thymus, particularly the increased apoptosis and decreased proliferation of TECs, is considered to be the determining cause for defective T cell development in the aged thymus (7) (8) (9) .
The perturbation of gene expression levels in the thymus can influence the process of thymic involution. For example, the overexpression of the anti-apoptotic gene, myeloid cell leukemia sequence 1 (MCL1), leads to an enlarged thymus in female mice approaching advanced age (10) . Targeting Ras homolog family member B (RhoB), a member of the Rho subfamily of small GTPases, in the thymic medullary epithelium results in an early thymic atrophy (11) . While the trigger of thymic aging remains a mystery, the extensive pursuit of this topic has revealed that aging is associated with changes in the expression levels of several genes in thymocytes, including the E2A and LIM domain only 2 (rhombotin-like 1) (LMO2) transcriptional regulators (12) . Gene array analysis of aged thymocytes has revealed age-associated changes in the mRNA levels of several genes, including those involved in oxidative phosphorylation, T and B cell receptor signaling and antigen presentation. Of note, some of the cancer-related genes and immunoglobulin genes, such as immunoglobulin M (IgM) are upregulated in 24-month-old mice. This may account for the high incidence of cancer and increased thymic B cells (13) . Alterations in the expression levels of several genes have also been found in the thymic stroma. These genes include forkhead box N1 (FoxN1), interleukin (IL)-7, keratin 8 (12) (13) (14) , Wnt4 and lamina-associated polypeptide 2α (LAP2α) (15) . MicroRNAs (miRNAs) are a family of short (average size, 22 bp), non-coding RNAs found in eukaryotic cells that affect gene regulation in a sequence-specific manner (16) . Emerging evidence has revealed that mutations or alterations in miRNA expression correlate with the development of various types of human cancer (17) , as well as other diseases (18) (19) (20) . miRNAs are also involved in the regulation of the immune response, including T cell differentiation and sensitivity (21, 22) . For example, miR-181a is highly expressed in the thymus and miR-155 is upregulated in mature T cells, both of which are required for T cell differentiation and cell-mediated immune function (23, 24) . Knowledge of miRNA expression profiles has been gained through the detailed examination of miRNA expression at each individual developmental stage of thymocytes in the thymus by microarray and quantitative polymerase chain reaction (PCR) (25, 26) . However, miRNA expression in the thymic stromal compartment is completely unknown. A number of studies have shown the changes in miRNA levels in various tissues in individuals of different age groups, in which miRNAs have been suggested to be novel modulators that regulate the aging process (27) . Determining miRNA expression in the thymic stroma, as well as changes in expression during thymic aging would not only broaden our knowledge of T cell development but would also provide a deep understanding of the mechanisms underlying thymic aging.
In this study, we compared the transcriptional levels of various miRNAs in TECs from young and aged mice using microarrays. Quantitative PCR was performed to confirm the changes in the expression of miRNAs in different age groups. Possible downstream targets and pathways of these miRNAs were predicted by performing bioinformatics analysis. To the best of our knowledge, this is the first study to systematically analyze the expression of miRNAs in mouse TECs and to demonstrate that miRNA expression is altered with thymic aging.
Materials and methods
Mice and enrichment of TECs. C57BL/6 mice of different ages up to 10 months were purchased from Charles River Laboratories (Wilmington, MA, USA). Some of the 10-month-old mice were maintained in the animal facility of China Medical University, Shenyang, China until they began to age (≥19 months). All of the mice were maintained in a specific, pathogen-free environment. All animal procedures were performed according to the protocol approved by the Experiment Animal Center of China Medical University in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The TECs were purified according to a previously described method (7) . In brief, the thymic sub-capsule was gently torn apart with fine-tip forceps and shaken several times in cold phosphate-buffered saline (PBS) to remove as many thymocytes as possible. The remaining thymic tissue was further subjected to enzymatic digestion with 1 mg/ml collagenase (Invitrogen, Carlsbad, CA, USA) and 5 U/ml DNase I (Sigma-Aldrich, USA) for 10 min at 37˚C with intermittent shaking. The thymic dissociated cells were stained by fluorescence-conjugated anti-CD45 (rat antibody), followed by metal beads conjugated to anti-rat IgG (Miltenyi Biotec, Bergisch Gladbach, Germany). The bead-labeled cells were subjected to LS magnetic columns to obtain TEC-enriched cells by negative selection, which were used for miRNA microarray and quantitative PCR assays.
miRNA microarray. The microarray assay was performed by the service provider Kangchen Biotech, China. Total RNA from enriched TECs of young (2-month-old) and aged (20-monthold) mice was extracted using TRIzol reagent (Invitrogen) and the RNeasy Mini kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. A total of 0.25-1 µg RNA sample was labeled Hy3 using the miRCURY™ Array Power Labeling kit (Exiqon, Aarhus, Denmark). Hybridization was performed using the miRCURY™ LNA Array (miRBase.14.0). Signal scanning was performed using the Axon GenePix 4000B microarray scanner. GenePix pro v6.0 was used to read the raw intensity of the images.
The intensity of the green signal was calculated after background subtraction and 4 replicated spots of each probe on the same slide were used to calculate the median. The median is the 50% quantile of the miRNA intensity which is >50 in all samples after background correction. The median normalization method was used to obtain normalized data. Clustering and statistical analysis were performed on the normalized data of miRNAs.
Quantitative PCR. Total RNA (including small RNA) was extracted from the TECs of young (1-month-old), young adults (6-month-old), middle-aged (10-month-old) and aged (19-month-old) mice using the RNeasy Mini kit (Qiagen). A poly(A) tail was added to 3' end of small RNA [E. coli Poly(A) Polymerase; New England Biolabs (NEB), Ipswich, MA, USA] before the first-strand cDNA was synthesized using the RT Reagent kit (Takara, Otsu, Japan). RNA with no Poly(A) Polymerase was used as the internal control. Instead of using a common oligo(dT) primer or a random primer, a specific oligo(dT) primer with the following sequence was used: 5'-GCTGTCAACGATA CGCTACGTAACGGCATGACAGT G(T)24V-3'. cDNA (1 µl) was used as the PCR template. The results were normalized to U6 snRNA that was used as the internal reference (Ambion Inc., Foster City, CA, USA). The forward primers for miRNAs are listed in Table Ⅰ and every PCR reaction for miRNA quantification shared the same reverse primer as follows: 5'-GCTGTCAACGATACGCTA CGTAACG-3'.
Quantitative PCR was performed using the 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) and the SYBR-Green PCR master mix (Takara) with 40 cycles of 95˚C for 15 sec and 62˚C for 90 sec. Specificity of amplification was confirmed by melting curve analyses.
Bioinformatics prediction of the targets of miRNAs. The targets of the miRNAs were predicted using the TargetScan, PicTar, miRanda and EIMMo databases. The predicted hits from each algorithm were sorted as per the scores. The congruent high score hits in all 4 of the algorithms were considered to be reliable predictions.
Statistical analysis. A t-test was used for comparing the miRNA expression levels in the 2-and 20-month-old groups. One-way analysis of variance (ANOVA) was used for comparing the PCR results or the weight of the thymus between the 1-, 6-, 10-and 19-month-old groups. A linear correlation test was used for comparing miRNA expression and changes in thymic weight change during aging. A probability value (p-value) <0.05 was considered to indicate a statistically significant difference. Each statistic and derived figure was prepared using GraphPad Prism-5 software.
Results
Microarray data reveal the difference in the expression levels of miRNAs in TECs from young and aged thymus. To determine the age-related changes in miRNA expression in thymic stromal tissue, we compared miRNA expression in enriched TECs from the thymi of 2-and 20-month-old mice by miRNA microarray analysis. Hierarchical clustering analysis partitioned the samples into 2 groups, 2-month-old (young; sample 1 and 2) and 20-month-old (aged; sample 3 and 4) , which suggested that each sample had a distinct miRNA expression profile (Fig. 1A) . Among the 678 mouse miRNA probes in the miRNA arrays, 111 (16.4%) miRNAs were expressed and detected in the TECs from the 2 groups (fold change >2 or <0.5). From the data analysis based on the p-values (t-test), 31 miRNAs were upregulated and 22 were downregulated significantly (p<0.05) in the TECs from the aged thymus (Fig. 1B) . The 20 miRNAs that had a greater fold change in expression than the other 33 were selected for quantification by quantitative PCR (Fig. 1C) . Among the 20 miRNAs that were analyzed, 4 (miR-382-3p, miR-154-3p, miR-431 and miR-465a-3p) were upregulated in the aged TECs, whereas the other 16 miRNAs were downregulated (Table Ⅱ) . The upregulated miRNAs as measured in the microarray assay increased by at least 4-fold and the downregulated miRNAs were decreased by at least 0.5-fold in the aged TECs compared with those from the 2-month-old (young) mice.
Quantitative PCR confirms the difference in miRNA expression in young and aged TECs. To confirm our results obtained from the microarray assay, we performed a more thorough investigation of miRNA expression in mouse TECs by quantitative PCR, a method with better sensitivity than microarray analysis. To be able to observe the trend in the changes in miRNA expression with thymic aging, we compared the miRNA expression levels in TECs from mice of various ages, including 1-month-old (young), 6-month-old (young adults), 10-month-old (middle-aged) and 19-month-old (aged) mice. The results of quantitative PCR were in agreement with the majority of the results obtained from microarray analysis. The expression of 17 out of 20 miRNAs in the 19-month-old group decreased significantly, unlike that in the 1-month-old group (all 15 miRNAs in Fig. 2 and miR-382-3p and miR-431 in Fig. 3 ). The decrease in the expression levels of miR-382-3p and miR431 based on quantitative PCR (Fig. 3) is not consistent with the results obtained from microarray analysis, as the expression of these 2 miRNAs was shown to be upregulated by microarray analysis (Table Ⅱ) . The expression of miR-154-3p and miR-465a-3p, which was also upregulated in the aged mice as shown by the results of microarray analysis, displayed no change in the different age-group samples as shown by the results of quantitative PCR (Fig. 3) . The inconsistency between microarray and quantitative PCR may be the result of the variation in miRNA expression in each individual mouse. By retrospective examination of the microarray data, we found that the absolute values of the fluorescence intensity of these 4 upregulated miRNAs (miR-382-3p, miR-431, miR-154-3p and miR-465a-3p) belong to the lower end of the detection limit in the microarray. In other words, the microarray data for these miRNAs may be less reliable than that obtained by quantitative PCR (Table Ⅱ) . In addition, even though miR-148b expression showed an age-associated decrease by quantitative PCR, which conforms to the trend observed in the microarray data, the difference in the expression in each age group was not significant (Fig. 3) .
Normalization ------------------------------------------
Changes in miRNA expression in TECs with age closely correlate with age-related thymic atrophy. Thymic weight loss is a reliable index of thymic aging and diminished thymopoiesis. By measuring the weight of the thymus of mice with different ages ranging from 1 to 19 months, we found that the thymus loses its weight in a biphasic pattern. Thymic weight markedly decreased from 1 to 6 months and it decreased at a much slower rate from 6 to 19 months (Fig. 4) . Of note, the expression of 13 miRNAs in the TECs (miR-194, miR-192, miR-155, miR-150, miR-19a, miR-19b, miR-148b, miR-382-3p, miR-146a, miR-93, miR-181a, miR-181b and miR-181c), as measured by quantitative PCR, rapidly decreased from 1 to 6 months and was only slightly altered from 6 to 10 and 19 months (Figs. 2 and 3) , which is reminiscent of the pattern of thumic weight loss with age. These 13 miRNAs are possibly closely involved in the process of age-related thymic involution, whereas age-associated changes in the expression of the other 7 miRNAs did not follow the biphasic pattern of thymic weight loss (Table Ⅲ) . miR-465a-3p and miR-154-3p are the only 2 miRNAs in the TECs that showed an increasing trend in expression with age; however, this was not statistically significant.
Possible targets of miRNAs predicted possible pathways
involved in age-related thymic involution. miRNAs exert their functions through multiple downstream targets, including a number of transcription factors, apoptosis control factors and other important factors for cell function. In the present study, we predicted the targets of these miRNAs by comparing the targets from 4 databases: Target Scan, PicTar, Miranda and EIMMo. These miRNAs not only differed in expression between the young and aged TECs (Fig. 2 and miR-382-3p and miR-431 in Fig. 3 ), but also closely correlated with changes in thymic weight with aging (Table Ⅲ) . We paid much attention to the predictions of targets implicated to play a role in thymic aging. We selected the output hits with a high score in all 4 databases for each of the analyzed miRNAs. The predicted targets are listed in Table Ⅳ .
Discussion
The thymus is responsible for thymocyte development and de novo T cell production. Age-related thymic involution is one of the prominent causes of T cell-mediated immunodeficiency in the elderly. Emerging evidence indicates that the deterioration of the thymic microenvironment, particularly the loss of TECs, largely contributes to the defect in T cell development in the thymus (7) (8) (9) . Changes in several critical genes associated with age-related thymic involution have been extensively investigated (12, 15) . To our knowledge, this is the first study to explore miRNA expression in TECs and the correlation between changes in miRNA expression with age-related thymic weight loss. By microarray and quantitative PCR analyses, our findings indicated that the majority of the 20 miRNAs that we examined had decreased expression levels with thymic aging. These results are in agreement with those from a study using peripheral blood mononuclear cells, in which >800 miRNAs were profiled and the majority of the studied miRNAs decreased in abundance with age (28) . In this study, the fluorescence intensity of miR-431, miR-154-3p, miR-382-3p and miR-465a-3p, as shown by the microarray analysis was very weak, indicating that the expression of these miRNAs in the TECs of both young and aged mice was very low. Given the better sensitivity and larger sample size that was used in quantitative PCR compared with the microarray analysis, we have more confidence in the results from quantitative PCR for these 4 miRNAs than in the results from the microarray analysis. It should be noted that several of the miRNAs that we analyzed have been implicated in important immune functions. A number of studies have confirmed that miR-155, miR-181a and miRNAs derived from the miR-17-92 cluster (miR-19a and miR-19b in the present study) are involved in the development and differentiation of lymphoid and myeloid cells (25, (29) (30) (31) . To the best of our knowledge, this is the first study to provide evidence that these miRNAs with important immunological functions are expressed in TECs.
Another important finding in this study comes from the correlation analysis between changes in the expression of miRNAs with age and the age-related thymic weight loss. In total, 13 out of the 20 miRNAs showed a significant correlation. The expression of all 13 miRNAs showed a positive correlation with the thymic weight loss during aging. It is very likely that the decrease in miRNA expression in the TECs precedes the age-induced thymic involution. This may be particularly true for miRNAs, such as miR-194, miR-192, miR-155, miR-19a, miR-19b, miR-181a and miR-181b from the 13 miRNAs, as the decrease in the expression of these miRNAs with age follows a more obvious biphasic pattern [1 to 6 months compared with 6 months onwards (Fig. 2) ], which conforms to the pattern of thymic weight loss during aging (Fig. 4) .
We predicted 3 target genes for miRNAs that may be involved in the process of age-related thymic involution (Table Ⅳ) . Some of the targets have previously been implicated in immune functions, as well as T cell functions. For example, Myb regulates T cell differentiation (32) and the development of hematopoietic stem cells (33) . Hivep2, a target gene of miR-155, plays a critical role in signal transduction (34, 35) , lymphocyte development (36) and the production of memory T helper cells (37, 38) . Wnk1 is required for mitosis (39, 40) , proliferation and migration (41) and modulates of TGFβ-Smad pathways (42) . The IRAK family of genes may be involved in the expression of inflammatory gene (43) . One of these genes, Irak1 may disrupt the balance of the generation of proinflammatory cytokines and type I interferons in the inherent immune response (44) and has been identified as a danger gene in systemic lupus erythematosus (45). Based on the targets of miRNAs, our belief is that further analysis of these targets may aid in the understanding of how these miRNAs control the thymic aging process. It can be concluded that changes in the expression of these miRNAs in TECs may at least partially regulate thymocyte development and T cell maturation, considering the important role that TECs play in the thymic microenvironment for thymocyte development and differentiation.
